Contact damage in porcelain/Pd-alloy bilayers
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An analysis is made of contact damage in brittle coatings on metal substrates, using a
case study of a dental porcelain coating of thickness between 0.1 and 1 mm fused onto
a Pd alloy base, with spherical indenter of radii 2.38 and 3.98 mm. At large coating
thicknesses (>30am), the first damage takes the form of surface-initiated transverse
cone cracks outside the contact. At small coating thicknesses 3)0the first

damage occurs as yield in the substrate, with attendant formation of subsurface
transverse median cracks in the coating. At high loads and thin coatings, both forms of
transverse cracking occur, along with subsequent delamination of the ceramic/metal
interface, signalling impending failure. Conditions for avoiding such transverse cracking
are considered in terms of minimum coating thicknesses and maximum sustainable
contact loads. General implications concerning the design of brittle coating systems

for optimum damage resistance are considered, with special reference to dental crowns.

I. INTRODUCTION structures is a strongly bonded interface, to avoid any

Layer structures composed of dissimilar materials ar&€lamination. Coating failure then results from the ini-
frequently encountered in engineering applications, gliation and propagation of transverse cracks, either from

well as in naturé. Ceramic-on-metal layer structures, in tN€ tOp surface (cone cracks) or lower surface (median

8 . . .
particular, are developed for high damage tolerance alj:_racks). The median crack system becomes increasingly

plications in coatings on cutting todfsthermal barrier domine_mt_a_s thse coating thickness and the substrate hard-
coatings®* engine componenfs,etc. Ceramic/metal €SS diminisit. . .

layer structures are also commonly used as crowns and N this paper we use sphere contacts to investigate the
bridges in restorative dentistfymaking use of the ce- modes of coating fracture in a brittle ceramic on a metal

ramic coating for wear resistance and aesthetics, thBaS€; with the aim of determining design conditions for
metal for rigidity, and the composite ceramic/metal bi- OPtimum fracture resistance. We choose as a case study

layer for protection of a soft (but tough) inner dentin & porcelain on a palladium.alloy, for_ ease in preparation
core’ Despite this broad range of applications, our fun_and relevance to restorative density. Questions as to

damental understanding of failure modes in ceramicfnax'muT sustainable Ioa;js and minimum CE_""t'ng thick-
metal layer structures, particularly in cases where th&€SSes for avoidance of transverse cracking are ad-

interlayer bonding is sufficient to avert delaminatfon, dressed. Optimization of relative material properties,
remains limited. particularly in the context of elastic and plastic mis-

Structures containing brittle coating components ard(ch, is also considered.
especially susceptible to damage in high-stress, con-
centrated loading applicatiods* Considerable recent - LAYER PREPARATION AND
attention has been given to this kind of loading, spe—TEST”\IG PROCEDURE
cifically using spherical (Hertzian) contacts, in the Porcelain/palladium-alloy bilayers were prepared for
context of design of bilayer structures with brittle coat-indentation testing in the configuration of Fig. 1, follow-
ings27812724|n such contact configurations, energy ing standard routines practiced by dental technicians in
from the loading system is partitioned between fractureghe construction of porcelain-fused-to-metal crowns.
in the brittle overlayer and quasi-plasticity in the under-This particular ceramic/metal combination has low ther-

layer. A key feature of the design in ceramic/metal layemmal mismatch, avoiding the generation of significant re-
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P indenters were mounted in the crosshead of an Instron
‘ testing machine (Instron 1122, Canton, MA), and driven
at a crosshead speed 0.2 mm miro peak loads up
/ to P = 1400 N. All indentation tests were carried out in
air. Some tests were performed on the as-prepared bi-
I a-| layer surfaces, others on bonded-interface specimens by
indenting along the trace of the interface at the top sur-
face before separating into the constituent halves. The
surfaces containing the indentations were gold coated
and viewed in the optical microscope using Nomarski
contrast.

Critical loads for the onset of damage were measured
Alloy by post-contact observation of the indented specimens. In
these tests, series of indentations at ever-increasing loads
were made in lines along the specimen surfaces. The
critical valueP for cone crack initiation at the top sur-
Coartohmeat iy, o Ibcaoeth oo oot . 1202 ofthe porcelein coating wes measured a5 the load
diusa. Above criticZ\I Iéads, cgntact prodsuces transverse cone (C) antgange Qver Wh|Ch. the cone first appeared as a small grc
median (M) cracks in coating, and yield zone, deptiin substrate. ~ Immediately outside the contact and then completed it-

self in a full trace around the contact circle. The critical
value P, for yield in the metal substrate was deter-
sidual stresses in the coatify?’ Palladium (Pd) alloy mined by measuring the depth(Fig. 1) at any given
pellets (Argipal, 81.5% PD, 14.5% Tin, 3.5% GA, 0.5% load P directly from bonded-interface section views
Ru, Argen, San Diego, CA) were melted at 1300-of the plastic zones, and extrapolating the data back to
1400 °C and cast into substrate blocks 20 x 15 x 3 mmzero depth.
These blocks were then ground flat on opposite faces, Indentation stress—strain curves were determined from
oxidized at 960 °C, and finally sandblasted to providemeasurements of contact radiiat specified load® on
good bonding for the ensuing coating. Porcelain powdethe bilayer top surfaces, yielding indentation stregss
(VITA VMKG68N, Vita Zahnfabrik, Bad Sackingen, Ger- P/wa?, as a function of indentation straia/r. In these
many) was mixed in a slurry and applied to the substratetests, the specimen surfaces were gold-coated prior to
with a paintbrush, in sequential layers of no more tharindentation, enabling measurement of the contact radii
300um each. Each layer was sintered according to thérom residual impressions in the gold, using Nomarski
following firing cycle, according to manufacturer’s contrast?!
specifications: (i) heat to 600 °C in air and hold for
6 min, (i) heat to 960 °C under vacuum and hold for
2 min, (iii) cool slowly in air. The top surfaces of the | rResuLTS
porcelain coatings were ground and polished withm
diamond paste to specified thicknesses.

Bonded-interface specimens were employed to reveal Figure 2 shows contact damage patterns in bonded-
subsurface damage patterns in the bilayérs. Speci- interface porcelain/Pd-alloy bilayer specimens, from in-
mens were cut in two halves parallel to their long dimen-dentations by a WC sphere of radius- 2.38 mm at load
sions, polished at the cut surfaces, and bonded badR = 1000 N. The figure shows half-surface views (upper
together with adhesive (Loctite Corp., Newington, CT).micrographs) and side views (lower micrographs) in
The top surface was then repolished to provide a fla{a) monolithic porcelain and in bilayers with porcelain
surface for indentation. After indentation, the bondedcoating thicknessed = (b) 670um, (c) 490p,m, and
specimens were immersed in acetone to dissolve the a@d) 230p.m.
hesive, separated into their two halves, and viewed in an The loadP = 1000 N chosen for illustration in Fig. 2
optical microscope. Coating thicknesses were measurgutoduces relatively heavy damage, enabling clear iden-
from the sections in the optical microscope. The validitytification of the damage modes. Multiple ring cracking
of the bonded-interface technique in its capacity to prois observed on all top surfaces, confirming that the load
vide a faithful representation of contact damage has beeis well above threshold for this type of cracking. Some
documented*3° of the surface rings have developed into full cone

Indentation tests were carried out on the top porcelaircracks in thesection views. Note that the well-developed
surfaces of the coated specimens using tungsten carbidenes in the specimens with thicker coatings [Figs. 2(b) and
(WC) spheres of radius = 2.38 and 3.98 mm. The 2(c)] appear to have comparable geometries (i.e., lengths

r

Porcelain / I\I/I \C

]

A. Contact damage modes in bilayers
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(c) (d)
FIG. 2. Contact damage in porcelain/Pd-alloy coating/substrate bilayers, using WC sphere of rad2.88 mm, at load® = 1000 N, coating
thicknesses (&) = <« (monolithic porcelain), (b = 0.67 mm, (c)d = 0.49 mm, (d)d = 0.23 mm. Bonded-interface specimens, showing top
surface (upper) and section (lower) views.

and inclination angles) to those in the monolithic speci- In the specimen with the thinnest coating [Fig. 2(d)],
men [Fig. 2(a)], despite the appearance of yield in theéhe crack geometries are more complex, and the crack
metal substrates, suggesting that it is the cone crack thdensities higher, indicating strong damage-mode interac-
has formed first in these cases. tions. The transverse cracks appear on the verge of pen-
Yield zones in the substrate are well defined in theetrating through the coating sections. True interfacial
section views of all the bilayer specimens in Figs. 2(b)-delamination of the coating from the substrate is now
2(d). The widths of the plastic zones are larger than thosevident. Note that the delamination is contained within
of the contact diameters on the coating surface, indicathe boundary of the yield zone. The coating is perma-
ing substantial load transfer to the underlayer at the loadently depressed, foreshadowing complete failure of the
P = 1000 N represented. Attendant upward extendingoating.
median cracks are also apparent, especially in the thick
coatings [Figs. 2(b) and 2(c)]. Incipient laminar cracks
parallel to the ceramic/metal interface but contained Figure 3 plots critical load®. for cone crack initia-
within the coating have begun to develop in Figs. 2(b)tion in monolithic porcelain as a function of sphere ra-
and 2(c), particularly in the latter. Observations of secdiusr. Data for the two sphere radii used in the present
tions at lower loads, and in other coating thicknessesstudy are shown as the filled symbols. Comparative data
indicate that substrate yield generally precedes mediaffom an earlier study on another dental porcetin
and laminar cracking in this particular ceramic/metalare included as the unfilled symbols. The lines through the
coating/substrate system. data sets are fits according to Auerbach’s 18w, r.3%33

. Critical loads: Coating cone cracking
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500 T T T T T Figure 6 plots indentation stress—strain curves for bi-
layers of specified thicknessésas well as for constitu-
400k % ent porcelain and Pd-alloy monoliths. The curve for
Z 1 monolithic porcelain exhibits a near-linear elastic behav-
© . ior, with no evident quasi-plastic component, typical of
< 300r highly brittle ceramics® The curve for the Pd-alloy, on
°§ § the other hand, shows a strong nonlinear curve with com-
— 200 - paratively abrupt flattening, typical of highly ductile ma-
g= -3 terials®® Note that the initial slope of the data for the
5 100+ P 4 Pd-alloy is distinctly higher than that for the porce-
lain, commensurate with relative Young’s moduli
0 ~ , | . | (E = 150 GPa for metalE = 70 GPa for porcelain).
0 2 4 6 However, the metal is much softer above contact pres-

Sphere radius, 7 (mm) sure=1 to 1.5 GPa, once yield occurs.
. o - . The indentation stress—strain curves for the bilayers lie
FIG. 3. Critical loadsP for cone cracking in monolithic porcelain as . . S .
function of WC sphere radius. Filled symbols are data from presen{ntermecllate between th? monolithic bounds, Fendlng
study, unfilled symbols are data from previous study on another dentalOre away from porcelain toward the metal with de-
porcelain®® Error bars denote load range over which cone cracks firstcreasing thickness Thus, the composite layer curves

appear as short arcs and finally complete themselves as full circlegshow slightly higher initial slope than the monolithic
about the contact. Solid line is linear fit, according to Auerbach’s law.

250 T T T T

The dependence ¢ on porcelain coating thickness

din the porcelain/Pd-alloy bilayers is shown in Fig. 4(a), & 200
forr = 2.38 and 3.98 mm. For each sphere radRs,
diminishes monotonically with decreasirdy at first & 150k
slowly and then more rapidly in the thin coating region as '§

the load support progressively transfers from the coating” 4o}
to the substrate. B
In accordance with the fits in Fig. 3, the data in
Fig. 4(a) may be normalized for different sphere radii by
plotting P</r versud/r, Fig. 4(b). Included as the dashed
curve in this plot are comparative results for a porcelain/ 0 03 04 06 0.8 1
alumina system (albeit a different porcelain) from an (@)
earlier study** Note that the alumina substrate, although
stiffer than the Pd-alloy (cff = 250 GPa for alumina,
E = 150 GPa for alloy) appears to redueg relative to B _
the metal substrate system, especially at smaller 601

Critic

50 T

o

Porcelain thickness, d (mm)
80 T T T T T

It is apparent that bilayers with thin coatings in contact e}
with spheres are especially susceptible to this mode g "
of damage. Z 401
T
201

C. Critical loads: Substrate yield

Figure 5 shows the depth of the plastic zone in the
substrate as a function of lod&lfor porcelain/Pd-alloy 0
bilayers with coating thicknesse$,= 670 pm, 490pm,
330um, and 23Qum, as well as for monolithic metal ()

(d = 0), for indenter radius = 2.38 mm. The curves FIG. 4. (a) Plot ofP. versusd, for porcelain/Pd-alloy coating/
through the data sets are empirical fits. Extrapolation t¢ubstrate bilayers, showing data for sphere radidicated. Boxes at

h = 0 enables determination of the critical loRq for right indicate critical loads for monolithic porcelain. Error bars denote
load range over which cone cracks first appear as short arcs and finally

SUbStra_te y'eld,at each Ya'ue of These plots Conf'rm complete themselves as full circles about the contact. (b) Equivalent
that thicker brittle coatings afford greater protectionpiot, with ordinates normalized to sphere radiuBashed curve is a fit
against substrate deformation. to comparative data for porcelain/alumina bilayers, from Ref. 34.

1 | 1 1
0 0.1 0.2 0.3 04 0.5
Normalized coating thickness, d/r
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1000 T . Following this last point, it is worth reiterating that
laminar cracks in the coating, as with median cracks, are
observed only after yield in the substrate. Such contact-
induced laminar cracks are attributable to elastic spring-
back in the ceramic coating relative to the irreversibly
330 um deformed substrate, a fact supported by observations that
these cracks usually appear as the indenter is unloaded
490 pm and remain laterally contained within the boundaries of
the yield zon€® Initial laminar cracking occurs within
the lower half of the coating thickness, immediately
r=238 mm above the coating/substrate interface [Figs. 2(b) and
! i 2(c)], and may be enhanced by the presence of weak
0 400 800 1200  internal boundaries associated with the sequential firing
Load, P (N) of the porcelain overlayer$ True delamination of the
FIG. 5. Depthh of plastic zone in Pd-alloy substrate as function of COating from the substrate occurs only after extensive

load P, for WC sphere radius = 2.38 mm and porcelain coating substrate yielding [Fig. 2(d)f
thicknessesl = 670pm, 490um, 330pm, 230um, and O (mono- Critical loadsP for initiation of coating cone crack-

lithic metal). ing, Fig. 4, andP,, for substrate yield, Fig. 5, have been
measured as a function of coating thicknes$or the

o . . . ... porcelain/Pd-alloy bilayer system. At any given sphere

porcelain in the low-load elastic region, reflecting a stiff- radiusr, both critical loads diminish as the coating thick-

ening effect from the substrate. However, the Composite o< giminishes. We replot the critical load data for

layer curves fall increasingly below the porcelain CUVe,' _ 5 38 mm on a composite design diagram in Fig. 7.

in the high-load substrate-yield region, more rapidly ingg regions may be distinguished: A, no cracking, no
the thinner coatings, as the load transfers to the substra elding (P < P, P < P,): B, cone cracki,ng no yieldin’g
3 Y/ L 3

The 'evolution of attendant mgdiar_] cracks _in the thinne P. <P <P,): C, yielding, no cone cracking®|, < P <

coatings enhqnces this d'eclme in sustainable conta ): D, cracking and yieldingR > P, P > P.,). Region

stress in the high load regict. A is the domain of safe operation for damage-intolerant
structures, in single-cycle contacts. In this domain, the key
for the particular ceramic/metal system and sphere rep-

800

600

400

200

Depth of plastic zone, & (lLm)

0

V. DISCUSSION

We have demonstrated sphere-contact damage modes

in a specific bilayer system, porcelain on Pd-alloy, in 4 ¥ T T .
which the metal substrate is stiffer, but softer, than the
ceramic coating. In the brittle coating, two basic trans- Porcelain ©
verse cracking modes are observed: (i) downward<z
extending cone cracks initiated from the top surface in@ 3
the coating; (ii) upward-extending median cracks initi- 5
ated from the lower surface (ceramic/metal interface) in:: 0 490 um
the coating, preceded by yield in the substrate. The cones
cracking mode has been well documented since the timé& 2f 230 pm ]
of Hertz**3® and typifies contact fractures on brittle § &) Pd.all
monolithic or thick coating surfaces. The median crack- -aroy
ing mode has only recently been descriféd;2-2-24.37-39
and constitutes the dominant mode in thinner brittle coat-g
ings on softer underlayers. A soft underlayer allows the™
coating to bend beneath the immediate contact, trans-
forming the nature of the stress field away from ideal 0 L | | |
Hertzian toward that of plate flexure, allowing buildup of 0 0.05 0.1 0.15 0.2 0.25
tensile stress at the lower coating surface. In the present Indentation strain. a/r
metal system, the “softness” of the substrate is mani- ’

fest onlv bevond the vield oir’rﬂ indicating that a F'G: 6. Indentation stress—strain curves for porcelain/Pd-alloy coat-
y y y P 9 ing/substrate bilayers with coating thicknesses (filled symbdls)

high Young’s modulus is not sufficient guarantee for g74,, m"490,,m, 230.m, and (unfilled symbols) for monolithic por-
strong coating support; at least, not in thin coatings atelain and metal, for WC indenter radius= 2.38 mm. (Data are
high loads. subject to uncertainties of 5% from measurements of contact radius

(o]
. d =670 um -

1

entat
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500 T , , , yielding?* e.g., superalloys in engine components. A soft
r=2.38 mm metal sublayer (or even polymeric sublayer, e.g., auto-
400+ Py(d) |  mobile windshields), on the other hand, may actually be
— preferable in instances where energy absorption is desir-
& able. In other, damage-intolerant applications it may be
g 300 ® 71 advantageous to replace the substrate metal with a hard,
= high strength ceramic, to avoid substrate yielding alto-
T 200 . gether. In principle, this should extend region A in Fig. 7
g Pe(d) to lower operational coating thicknesses. However, the
© 100+ ] use of a stiff ceramic sublayer may not always be ben-
@ eficial: quite apart from the inherent brittleness of the
ceramic sublayer itself, the critical loads for cone crack-
Qees— : ‘ : ing in the outer coating may actually be diminished [e.g.
0 0.2 0.4 0.6 0.8 1 '

as in the dashed curve for a porcelain/alumina bilayer
system in Fig. 4(b)], because of local enhancement of

FIG. 7. Critical loads for cone crackingc, and substrate yielBy, in  concentrated tensile stresses in the near-contact surface
porcelain/Pd-alloy bilayers, as a function of porcelain coating thlck-region34

nessd. Zones as follows: A, no cracking, no yielding (safe); B, crack- L .
ing, no yielding; C, yielding, no cone cracking; D, cracking and A full description of the contact damage properties of

yielding (imminent failure). ceramic/metal layer structures may involve factors be-
yond those covered in the present experiments. Mismatch
in thermal expansion coefficients between the ceramic
resented in Fig. 7 is to maintain the contact load be<oating and metal substrate, by introducing residual com-
low =100 N. Demands on the coating thicknassare  pressive stresses in the coatfiig,”***3can play a role
less stringent, provided remains above=300pm. In by suppressing transverse fractures during coritagh
damage-tolerant systems that can sustain some codental restoration systems, including the porcelain/Pd-
strained coating cracking without operational failurealloy used here, such potential benefits are forgone by
(e.g., thermal barrier coating3}¥;8it may be possible to choosing near-zero thermal expansion mismatch, to pre-
operate in the higher-load region B, in which case thickevent spalling of porcelain layers from thermal shock dur-
coatings would be advantageous. In thin film applica-ing firing.) Repetitive loading may also intensify the
tions, it may be acceptable to extend into region C, prodamage, either by slow growth of the transverse coating
vided the substrate yielding and associated medianracks, or, more importantly, from mechanical fatigue of
cracking in the coating is not sufficient to cause delamithe yielding metal substrate. Aqueous environmental in-
nation. However, in applications where cyclic loadingteractions may also be deleterious to cracking in the coat-
occurs (e.g., engine components, dental restorations), opig, although in order to be effective in enhancing
eration within region C is less tolerable, because of thenedian cracking any such environment would first need
susceptibility of metals to fatigu® with the potential for  to gain access to the ceramic/metal interface.
accelerated cracking in the coating. The onset of nonlin- As mentioned, porcelain/Pd-alloy layer systems are
earities in the stress—strain curves, e.g., Fig. 6, could pratsed routinely in the construction of porcelain-fused-to-
vide a useful indicator for the onset of such yield. Themetal dental crowns. The present results shed some light
region D of high loads and thin coatings, where bothon the requirements for the reliable performance of such
coating cracking and substrate yield occur [e.g.crowns. The domain of typical oral forces is <108 N,
Fig. 2(d)], is clearly the most dangerous, with failure although higher loads can be attained under severe biting
imminent. conditions®*° The cuspal radius at the biting contact
The present study provides indications as to materialtypically lies between 2—4 mrif. Our present choices of
selection for metal layer structures with brittle coatings.load range and indenter radius encompass these values.
Ideally, one would like the coating to be strong, to avoidFrom Fig. 7, we may anticipate that porcelain-fused-to-
cracking. In engine components, for example, high-metal crowns should survive typical biting regimens pro-
strength fine-grain silicon nitridé% are the ceramics of vided the porcelain coating exceeds 30@ or so. This
choice. However, the strongest ceramic coatings may na$ not inconsistent with a clinically recommended coating
always be practical because of restrictive operational facthickness of at least 0.5 mm, and ideally 1.0 f@ther
tors, e.g., thermal insulation and corrosion protection irdental crown systems with ceramic underlayers, e.g.,
the case of thermal barrier coatifidsand aesthetics in porcelain-fused-to-alumina (porcelain jacket crown),
the case of dental restoratioffsin damage-intolerant offer greater stiffness (as well as superior aesthetics),
structures, one might also like the substrate to be stiff, tdout at the cost of increased brittleness. With crowns, the
provide elastic support for the coating, and hard, to avoicgoft dentin interior of the underlying tooth structure

Porcelain thickness, d (mm)
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(modulus 10-20 GPa) may enhance the plate flexurés
mode of overlayer deformation; accordingly, a next step
should be to investigate bilayer systems on soft poly-
meric substrates.

21.
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